Background: Semiaquatic mammals require both aquatic and terrestrial habitats, particularly interfaces between the two habitats. As ecosystem engineers, American beaver (Castor canadensis) consume and fell a great amount of deciduous trees. We tested the prediction that open water and amounts of food resources, including hardwood forests (i.e., deciduous trees as the dominant form of vegetation), herbaceous and woody wetlands, and shrubs, would influence the second-order habitat selection (i.e., placing home ranges on the landscape) by American beaver, whereas the third-order habitat selection of American beaver would be associated with woody wetland and shrub edges. We investigated hierarchical habitat selection by American beaver using location data from very high frequency telemetry. Dirichlet-multinomial models were used to determine the second-order habitat selection at landscape scales. Bayesian spatial resource selection function was used to assess the third-order habitat selection within home ranges.
Background
Animals often exhibit hierarchical habitat selection across different spatial scales [1, 2] , in which multiscale selection may be influenced by different ecological factors or processes [3] . Semiaquatic mammals live part of their life on land and require aquatic habitat to meet their seasonal and annual habitat requirements [4] . The distributions of home ranges and populations of such semiaquatic animals throughout the landscape may rely on the availability of open water bodies (e.g., lakes, swamps, sloughs, rivers, or streams). Semiaquatic mammals, particularly those occupying dens or lodges in water, may depend on water for protection against predators [4] . Semiaquatic capybaras (Hydrochoerus hydrochaeris) intensively use the water-land interface of high-quality, abundant forage, avoiding areas distant from water bodies [5] . Beaver (Castor sp) forage in water and on land approximately 100 m from water's edge [6, 7] , and forage availability influenced habitat selection by semiaquatic Eurasian beaver (Castor fiber) at both fine and large spatial scales [8] . Fine-scale habitat selection (i.e., third order or within home ranges) by semiaquatic mammals, particularly herbivores, may depend on the distributions of food resources in proximity to water [5, 9] . Therefore, semiaquatic mammals may exhibit hierarchical selection across the second-order (i.e., placing home ranges in or nearby water bodies to avoid predation risk and in the area of abundant forage) and the third-order (i.e., selecting the location of abundant forages within home ranges) habitat selection [2] .
American beaver (Castor canadensis) are semiaquatic herbivorous mammals that feed on deciduous trees, shrubs, and aquatic plants [10] [11] [12] . American beaver also fell trees and cut seedlings to build dams to impound water and create ephemeral, herbaceous wetlands [12] . Herbivory and dam construction by American beaver may substantially modify the composition and physiognomy of forest communities and landscapes [13, 14] . Water impoundment, bark stripping, and logging by beaver may create forest openings and herbaceous wetlands and enhance shrub abundance [15] . American beaver are also central place foragers with their feeding being restricted to the riparian within 60 m-100 m from their lodges or dens in water bodies [16] . However, no studies have evaluated the roles of food resources (e.g., deciduous trees and shrubs) and water bodies in the secondorder habitat selection and compared the second-order to third-order habitat selection by American beaver.
Studies of habitat selection by American beaver have primarily focused on the characterization of dam and lodge site selection or occurrence of beaver colonies using the presence-absence or presence-pseudoabsence approaches in the USA [11, 12, 17, 18] . Touihri et al. [19] identified 12 peer-reviewed articles regarding the habitat models of American beaver out of 1500 total articles from ISI Web of Science and ScienceDirect with the keywords "beaver" AND "habitat" OR "model. " All of the 12 articles used response variables of the presence/ absence or densities of beaver dams, lodges, or colonies [19] . Recently Holland et al. [20] used occupancy models to predict the occupancy probability of American beaver in southern Illinois, USA, using tracks and signs of the beaver, including dam and lodges. However, they did not investigate habitat selection by American beaver at multiple spatial scales. Several studies have investigated hierarchical habitat selection by Eurasian beaver using available-use approaches such as multivariate statistics, compositional analysis, K-select methods, and resource selection functions [8, [21] [22] [23] . Steyaert et al. [7] evaluated habitat selection by Eurasian beaver using the relocations of global positioning system (GPS) transmitters and resource selection functions. Francis et al. [17] used population-scale presence locations of American beaver and maximum entropy (MAXENT) models to investigate landscape-and population-scale habitat selection, and also used GPS location data and generalized additive models to assess the third-order habitat selection by American beaver. However, Francis et al. [17] did not assess the second-order habitat selection by American beaver.
Second-and third-order habitat selection by animals is often assessed with use-availability and the presenceabsence approaches [24, 25] . Given difficulties in collecting "true" absence location data, randomly sampled points are used as pseudo-absence locations to quantify resource availability [26] . For example, locations randomly selected within the minimum convex polygon (MCP), which encompassed all the GPS locations of all relocated individuals, were used to quantify available resources for assessing the second-order habitat selection by white-tailed deer (Odocoileus virginianus) [27] . An index of the second-order habitat selection, with the ratio of resource use within home ranges to availability throughout landscapes, suffers from interdependence among the proportions of all available resources. Although compositional analysis of the second-order habitat selection overcomes the interdependence, it uses the number of tests, in which the log ratio of the use and availability of a resource type is significantly greater than that of another resource type at a significance level, to rank the second-order selection of a habitat type [28] . Nevertheless, the relative ranking does not provide explicit statistical tests for hypotheses regarding the second-order habitat selection.
In this study, we used Dirichlet-multinomial distribution models, a multivariate probabilistic model, to evaluate the second-order habitat selection by American beaver. Dirichlet-multinomial distribution models do not require pseudo-absence locations. We also used Bayesian spatiotemporal models to assess the third-order habitat selection by American beaver accounting for both temporal and spatial autocorrelations of radio-telemetry data [29] . To the best of our knowledge, few studies of habitat selection by wildlife, including American beaver, have considered the spatial and temporal autocorrelations of the presence locations for the third-order habitat selection. Additionally, Bayesian spatiotemporal models assume Poisson distributions for space use intensity, and do not require pseudo-absence location data.
Here we tested two predictions of habitat selection by American beaver in northern Alabama (Fig. 1) . First, we hypothesized that availability of both open water bodies and food resources would determine the second-order habitat selection by American beaver. Thus, we predicted that American beaver would select open water body, herbaceous wetland, shrub, woody wetland, and hardwood forest (i.e., deciduous trees as the dominant form of vegetation) for home ranges on the landscape. Second, we hypothesized that American beaver would select the boundary zone (i.e., forested or woody wetland edge) between hardwood forests, shrubs, and water bodies for the third-order habitat selection because of predator avoidance and spatial distributions of food. Therefore, we predicted that the intensity of fine-scale space use (e.g., the number of presence locations per unit area) by American beaver would be positively related to the edge amount of woody wetlands and shrubs.
Results
Evidence supported that the second-order habitat selection by American beaver was not random. In the analysis of the second-order habitat selection with Dirichlet-multinomial distribution models, the value of Akaike information criterion (AIC) of the null model for random second-order habitat selection was 875.59, whereas that of the linear preference model was 696.29. Additionally, the p value of χ 2 goodness of fit test was 0.62 for the linear preference model, indicating adequate fit. The values of preference index h indicated that American beaver selected herbaceous wetland (h = 0.49) 3-4 times more than other LULC types, including open water bodies, with the 95% confidence intervals (CI) exceeding those of other LULC types (Fig. 2) . American beaver also selected shrub (h = 0.147), grassland (h = 0.125), hardwood forest (h = 0.089), and woody wetland (h = 0.087) with the 95% CIs of preference index h exceeding 0.05; however, American beaver did not select developed (h = 0.003), agriculture (or crop, h = 0.003), pasture (0.005), coniferous forest (h = 0.011), or mixed forest (h = 0.01) with the 95% CI including zero (Fig. 2) .
With the forward selection of 30 landscape variables for the third-order habitat selection by American beaver, the best model of the Bayesian spatial resource selection function (BSRSF) had the lowest deviance information criterion (DIC) value of 655.15. The best model included shrub edge density, woody wetland edge density, distance to crop, and proportion of herbaceous wetland. The second best model, which had a ΔDIC score 2.1, included shrub edge density, woody wetland edge density, and distance to crop ( Table 1) . Intensity of the third-order habitat selection by American beaver was positively related to shrub edge density, woody wetland edge density, distance to crop field, and proportion of herbaceous wetland, with the 95% credible intervals of the estimated coefficients excluding zero in the best model (Table 2) .
Discussion
Occurrences of American beaver colonies are often associated with open water bodies such as rivers, streams, lakes, and ponds [20, 30, 31] . Furthermore, forage (2), hardwood forest (6), coniferous forest (7), hardwood-conifer mixed forest (8) , shrub (9), grassland (10), pasture (11), crop (12), woody wetland (13) , and emergent herbaceous wetland (14) . Vertical bars are 95% confidence intervals availability influences the spatial distribution and local abundance of American beaver [31, 32] . American beaver select woody wetlands or swamps of diverse, abundant deciduous trees and aquatic plants for their colonies in boreal forests [31] . However, our results demonstrated that the influence of available open water bodies on the second-order habitat selection by American beaver was much less than that of available food resources (i.e., woody and herbaceous plant cover types). American beaver selected herbaceous wetland and the edges of shrubs and woody wetland at the third-order scale, but did not select the edges of water bodies as predicted in northern Alabama. Therefore, availability of food resources appeared to be the main determinant of both the secondand third-order habitat selection by American beaver similar to Eurasian beaver and other mammalian herbivores [8, 33] .
Although beaver require water to access lodges or bank dens, cache food, and escape predators [12] , American beaver exhibited less selection of open water bodies than of herbaceous wetland, shrub, and woody wetland, given the availability of those LULC types (Fig. 2) . Furthermore, landscape variables related to open water bodies did not affect the third-order habitat selection by American beaver (Table 2) . American beaver are known to exit water for foraging, generally staying within a 60-m distance from water bodies [7, 34, 35] .
American beaver selected habitat with abundant emergent herbaceous wetlands at both the second-and thirdorder scales ( Table 2 , Fig. 2 ). Hartman [36] found that Eurasian beaver selected herbaceous wetlands as well. The positive association between habitat selection and proportion of herbaceous wetland may be owing to the use of aquatic plants as food by American beaver during spring and summer (or year-round in the Southern USA) when herbaceous plants become available [10, 37] . We were unable to evaluate seasonal habitat selection by American beaver due to inadequate sample size (secondorder habitat selection) and unbalanced sample sizes among seasons (third-order habitat selection). Future studies of seasonal habitat selection are needed for better understanding of habitat selection by American beaver at fine temporal scales.
American beaver selected hardwood forests at the second-order scale in our study area (Fig. 2) . American beaver feed on deciduous trees and shrubs in the boreal and riparian forests [35, 38] . However, availability of hardwood forest, indexed by proportion of hardwood forest, did not affect the third-order habitat selection by American beaver. Amount of woody wetland edge was correlated with intensity of space use at the third-order scale, consistent with previous observations that foraging of American beaver was restricted to the interface between hardwood forests and water bodies, which was located in woody wetland [16] . Eurasian beaver also selected deciduous forests and shrubs at the edge of water bodies [23] . Assessments of multi-scale habitat or resource selection, such as the analyses we performed in this study, are
Table 1 Forward selection of 30 landscape variables
Step 1 selected single variables, which reduced the deviance information criterion by > 2.0, to form single-variable models.
Step 2 added one of the remaining 29 variables to each of three selected single-variable models, respectively, resulting in three two-variable models which reduced DIC by > 2.0.
Step 3 added 28 remaining variables to each of three resulting two-variable models, resulting in a three-variable model. Step unique because they can provide comprehensive understanding of animal habitat selection. American beaver avoided crop landcover types with space use intensities increasing farther from crop fields at fine spatial scales (Table 2 ) and had very low values for the second-order habitat selection index h (Fig. 2) . Low food values of crops and great distances to crop fields probably deterred the use of crop fields by American beaver. At the second-order scale, American beaver also avoided habitats with abundant mixed forests probably because American beaver avoided conifers as food (Fig. 2) [6] . Restriction of movement in the area of standing or flowing water may also limit selection of crop fields as habitat by American beaver in this area.
Francis et al. [17] estimated habitat selection by American beaver with data on the locations of beaver dams, lodges, feeding stations, foraging locations, castor mounds, and capture locations of spring and summer, relating the relative probability of American beaver occurrence to landscape variables using MAXENT models. Maximum entropy models do not explicitly account for spatial and temporal autocorrelations of location data. In this study, we used the year-round telemetry relocations of 21 beaver to infer the effects of landscape variables on the intensity of space use by American beaver with spatial statistics. Models of Bayesian spatial resource selection functions used in this study quantify the local availability of resources in proximity to each occurrence locations, whereas MAXENT models use a large number of pseudo-absence locations (e.g., n = 10,000) across landscapes. Therefore, the consistence of the findings between the two studies, which used different sets of location data and different analytic methods, produced the robust conclusions of habitat selection by American beaver. Furthermore, neither multivariate probability models of Dirichlet-multinomial distributions nor resource selection functions of Poisson distributions require using pseudo-absence locations to quantify availability of resources, representing alternative approaches to resource selection functions and habitat selection models.
Methods

Study site
Our study site was located in northern Alabama (Fig. 1) and was relatively flat (elevation: 165-365 m). Land use and land cover classes consisted of agricultural (or crop) field, developed (e.g., military test ranges, roads, and buildings), bottomland hardwood forest (or woody wetland), hardwood forest, coniferous forests, mixed forests, open water body, and emergent herbaceous wetlands [39] . The spatial distribution of the LULC types across the landscape can be found in Fig. 1 of McClintic et al. 2014 [40] .
Beaver capture and radio-telemetry
We reanalyzed very high frequency (VHF) telemetry relocation data of American beaver at Redstone Arsenal (RSA) in Madison County, Alabama (AL), USA [39] . American beaver were captured from 11 wetlands located in the southern half of RSA from January to May 2011 [40] , using Hancock live traps (Hancock Trap Company, Custer, South Dakota, USA). Traps were activated daily before 1500 h and checked the following morning by 0900 h [40] . Each captured beaver was weighed to the nearest 0.1 kg using a hanging scale (Moultrie Feeders, Alabaster, AL, USA). Yearling, subadults, and adults (> 6.8 kg) were attached with VHF radio-transmitters (Model 3530, Advanced Telemetry Systems [ATS], Isanti, Minnesota, USA).
Twenty-six radio-tagged American beaver were monitored ≥ 2 times per week from May 2011 to July 2011 and once every 2 weeks from August 2011 to April 2012 using radio-telemetry [41] . Radio-tagged American beaver were located during the active hours of 1800-0600 h with an ATS 3-element hand-held Yagi antenna, an R-1000 receiver (Communications Specialist Inc., Orange, CA, USA), and a look-through compass (Model KB-20/360R, Suunto, Vantaa, Finland). Universal Transverse Mercator (UTM) coordinates were estimated for each beaver location with three or more azimuths per animal with an overall separation of 60°-120° in ≤ 15 min and adjusted for 3° declination using triangulation methods [42] within the program LOCATE III [43] . Twenty or more individuals are recommended sample sizes for resource selection studies [44, 45] . Location data collected from 21 of 26 radio-tracked American beaver, which had a minimum of 30 recorded locations per individual over the entire study period, were used for habitat selection analyses in this study. The remaining five radio-tracked beaver had less than 30 relocation points and were excluded from analyses. We did not conduct seasonal analysis of habitat selection because our location data did not meet the recommended sample size (i.e., 20 or more individuals and 30 or more locations per individual per season). All locations used in this study had a 95% error ellipse < 0.5 ha [39] .
Land use and land cover maps
The National Land Cover Database (NLCD) 2011 (www. mrlc.gov/nlcd2 006.php) was used to derive LULC maps at 30-m resolution for the study area [46] . The original four levels of developed class (class 21-24) were combined into one class (i.e., developed area). The resulting 11 LULC types for the second-order habitat selection analysis included water (or open water bodies), developed area, deciduous forest (or hardwood forest), coniferous forest, mixed forest, shrub, grassland, pasture, crop, woody wetland, and herbaceous wetland. We used the NLCD 2011 to generate three rasters for each LULC class: relative frequency (0-1) within a circular buffer of each LULC class, distance to the nearest grid cell of each LULC class, and edge density [total length (m) of edge ha −1 ] within a circular buffer of each LULC class, producing a total of 30 landscape variables for the thirdorder habitat selection analysis with grassland and pasture combined. We used a circular buffer of six 30-m grid cells, equivalent to annual home range size [40] , to generate the relative frequency and edge density rasters using the programs CircAn within software BIOMAPPER 3.2 [47] . Relative frequency was calculated as the proportion of a circular buffer (i.e., the number of total grid cells or total area within the buffer) which is occupied by a LULC class. We used program CircDist of BIOMAPPER to generate the distance of a grid cell to the nearest cell of a LULC class. We resampled 30-m landscape rasters to 120-m rasters (120 m × 120 m) for BSRSF analysis to reduce the computational burden. We selected the spatial resolution of 120 m for BSRSF analysis to match the average hourly movement distance (about 118 m h ) of American beaver on our site [40] . The spatial resolution of the raster was equivalent to about 6-12% of annual home range (about 12-21 ha) on our site.
Statistical analysis
We first used the available-use approach to estimate the second-order habitat selection to determine which LULC classes influenced the second-order habitat selection by American beaver. Then we used BSRSF to determine the selection of landscape variables at fine spatial scales.
We used Dirichlet-multinomial distribution models to determine the second-order habitat selection by American beaver [48] . The distribution of location counts over different LULC classes was assumed to follow the multinomial distribution. The probability of selecting a LULC class was assumed to have a Dirichlet distribution [48] . Dirichlet-multinomial distribution models can be implemented in two different models to represent different hypotheses concerning habitat selection among individuals under identical availability [48] . The first model assumes that animals randomly select resources or habitats (i.e., the null hypothesis). The second model assumes that habitat selection is proportional to resource availability times a type-specific linear preference coefficient or index h (h > 0 and Σh = 1; i.e., linear preference hypothesis). The Dirichlet distribution with an h index also absorbs individual heterogeneity in location counts. Resource availability was measured by the proportion of LULC classes across the entire study area, calculated using 30-m NLCD rasters. The greater the coefficient h for an LULC class, the stronger the selection for the LULC class. Unknown parameter h for each LULC class was estimated by maximum likelihood methods using the R code provided in de Valpine and Harmon-Threatt [48] . We used AIC to compare the random selection and linear preference models. Bootstrapping methods were used to estimate empirical 95% CI for each selection coefficient h (n = 2000 iterations). We assessed goodness of fit of the selected model using chisquare (χ 2 ) test [48] . Bayesian spatial resource selection functions represent the spatial distributions of VHF locations by the use intensity per grid cell. The BSRSF model assumes inhomogeneous Poisson distributions and relates the intensity of space use to landscape variables in each grid cell [29] . The BSRSF accounts for spatial autocorrelation using conditional autocorrelative (CAR) distributions in the framework of small area models [49] . The natural logarithm of the Poisson parameter λ (i.e., mean use intensity or mean location count per grid cell) is a linear function of landscape variables (x(s)′α of Eq. 1) plus spatially structured random effect term of the CAR distribution (i.e., η(s) of Eq. 1).
Temporal autocorrelation is accounted for by the term logG*(s) of Eq. 1 [29] . G*(s) is the spatial kernel density of VHF relocations s. The kernel density map of VHF relocations of each individual was generated using a normal kernel of the bandwidth b = 1.96 −1 v √ t i+1 − t i , where b is the bandwidth; v is the hourly movement speed (= 112 m h −1 ) of beaver estimated from VHF data [40] ; and t i+1 and t i are the times (hours) between two successive locations [29] . The BSRSF was implemented in the Bayesian framework using the R package R-INLA [50, 51] . We selected the most parsimonious model using a forward stepwise selection with DIC [52] . The most parsimonious model has the lowest DIC among candidate models. First, we built 30 single-covariate BSRSF models. We selected landscape variables, which reduced DIC by > 2.0, to build the BSRSFs of two landscape variables, and so on until DIC improvement was < 2.0 after adding a covariate to the previous best model. We only included one of the two highly correlated landscape variables (absolute Pearson's correlation |r| ≫ 0.7) in the same model.
(1) log (s) = x(s) ′ α + β 1 log G * (s) + η(s)
